The antagonistic interaction between the grass herbicide, diclofopmethyl (methyl 2-14(2',4'-dichlorophenoxy)phenoxylpropanoate) (DM), and 2,4-dichlorophenoxyacetic acid (2,4-D), was demonstrated in DMresistant soybean (Glycine max [L.] Meff.) and DM-susceptible corn (Zea mays L.). 2,4-D caused root shortening and thickening, and induced callus growth in soybean and corn root tissue cultures at 1 and 10 micromolar. Normal soybean root growth was unaffected by 10 micromolar DM whereas corn root growth was inhibited completely by 1 to 10 micromolar DM. DM at 10 micromolar reversed completely the induction of callus growth by 1 micromolar 2,4-D in soybean roots. In cor, 10 micromolar 2,4-D reversed the growth inhibiting activity of 1 micromolar DM and induced callus growth. The antagonistic interaction between DM and 2,4-D was reciprocal and the activity of either compound depended upon the relative concentration of the other. 2,4-D did not antagonize or decrease the activity of DM by decreasing its uptake by root tissues or increasing the rate of its detoxication. The antagonistic interaction between DM and 2,4-D probably involves cellular activity associated with actively growing and proliferating cells and reqnires the presence of both compounds at the sensitive site.
Diclofop-methyl (DM),' is a selective postemergence herbicide that controls wild oat (Avenafatua L.) and other annual grasses in wheat (Triticum aestivum L.) (1) . DM acts like a proton ionophore to dissipate rapidly the cell membrane potential in oat (Avena sativa L.) (24) and Chara cells (14) . DM inhibits IAA-induced coleoptile growth and acidification (19, 20) and probably causes a loss of apical dominance in wild oat root tips (3) . Lipid metabolism is affected strongly in sensitive species (10) and severe ultrastructural cell membrane damage occurs with time (2) . DM is poorly translocated from both leaves (2) and roots (13) .
The auxinic herbicide, 2,4-D, is used to control broad-leaved weeds in wheat. Therefore, a single application of DM and 2,4-D should control both wild oat and broad-leaved weeds in wheat. However, in simultaneous field applications 2,4-D antagonized or reduced the herbicidal activity of DM against susceptible wild oat (17) . DM did not appear to antagonize the activity of 2,4-D. Several mechanisms for the antagonism of DM by 2,4-D have been proposed, including reduction of DM absorption (18) and translocation (16) , alteration of DM translocation pattern (23) , decreased rate of hydrolysis of DM to its active acid, diclofop (18, 23) , and increased rate of detoxication by conjugation of ' Abbreviations: DM, diclofop-methyl (methyl-2[4(2',4'-dichlorophenoxy-phenoxy]propanoate); dicamba, 3,6-dichloro-o-anisic acid.
diclofop to water-soluble metabolites (18, 22) . However, none of the above mechanisms appears to be significantly involved in the antagonism between DM and 2,4-D (7, 8) . In intact plants the sensitive sites of action appear to be the meristematic zones (3, 8, 9, 15) . The (20, 21) . Corn and soybean roots and callus tissues were separated from the agar medium and rinsed rapidly in 40 ml of warm water to remove residual agar medium. The tissues were frozen for subsequent extraction and analyses. The agar medium remaining in the test tube was combined with the water rinse, warmed until a homogeneous solution was obtained, cooled, and brought up to 50 ml volume. The aqueous medium was partitioned three times with 50 ml dichloromethane. The combined dichloromethane fraction was evaporated to dryness, redissolved in 5 ml methanol, and analyzed for '4C activity. The aqueous fraction was chromatographed in 10 to 20 ml aliquots on Cu8 Sep-Pak2 cartridges and eluted each time with methanol.
The methanol eluates were combined, concentrated, and the polar metabolites assayed for radioactivity.
Radioactivity in the different fractions was quantified by liquid scintillation counting techniques (21) . The metabolites of DM (20, 21) . Water-soluble conjugates of ['4C]DM were acid hydrolyzed in 6 N HCI, separated by TLC, and quantified as above (20, 21) .
The root and callus tissues were extracted with 80% methanol (v/v) in a glass homogenizer and the dichloromethane-soluble and water-soluble radioactive components were separated and quantified as reported (21) . The methanol-insoluble radioactive residue was combusted to '4C02 and quantified as reported previously (2 1 (Fig. 1B) . The roots in 10 Mm DM and 1 gM 2,4-D appeared normal, but the dry weight was about twice that of the control roots and roots treated with 10 gM DM alone (Table I ). In soybean, 2,4-D alone at 10 gM (Fig. lA) (Table II) . The major component in the agar medium was unchanged DM with significant amounts of diclofop and water-soluble metabolites present in both treatments (Table II) .
In soybean, the distribution of "C components in the agar medium and root tissues differed between treatments with DM alone and the 2,4-D combination (Table III) . In soybean root tissue, the concentrations of 14C components were very low; more water-soluble metabolites were present in roots treated with the 2,4-D combination but more insoluble residue was in roots treated with DM alone. In the agar media, a substantial accumulation of water-soluble metabolites occurred in DM alone (Table III) , whereas the distribution of "4C components in the 2,4-D combination treatment was similar to the results of the media from both treatments in corn roots (Table II) . The watersoluble metabolites in the medium are the result of absorption of DM by the tissue, metabolism, and subsequent excretion into the medium. Therefore, at least 90% of the ["4C]DM in the medium was absorbed by soybean roots treated with DM alone (60% water-soluble in medium plus 30% in tissue).
Diclofop may be conjugated as a glucose ester (12) or ringhydroxylated (2,4-dichlorophenyl-OH) and conjugated as a phenolic conjugate (22) . These water-soluble conjugates in tissue extracts may be quantified by HCI hydrolysis and subsequent quantification of diclofop and ring-OH diclofop as hydrolysis products (Tables IV, V) . In corn the radioactivity detected as diclofop increased substantially following hydrolysis (Table IV) . This indicated that in corn roots DM was metabolized predominantly to water-soluble ester conjugates similar to the glucose ester conjugates identified previously (12) . The results did not differ greatly between corn roots treated with DM alone or in combination with 2,4-D (Table IV) .
The predominant water-soluble conjugate in soybean root tissue was the phenolic conjugate of ring-OH diclofop (Table V) (21) . The radioactivity in ring-OH diclofop increased substantially following hydrolysis. However, a considerable amount of the ester conjugate of diclofop was also present in the extract since the radioactivity in diclofop increased greatly following hydrolysis. Similarly to corn, the distribution of extractable 14C components in soybean root tissues did not differ greatly between treatments with DM alone or in combination with 2,4-D. The differences in DM metabolism were clearly between DM-susceptible corn and DM-resistant soybean and the presence or absence of 2,4-D appeared to have little or no effect on DM metabolism within a species. (19) . Therefore, the antagonistic interaction between DM and auxinic compounds such as 2,4-D, IAA, and dicamba probably involves cellular activity associated with actively growing and proliferating cells and requires the presence ofboth compounds at the sensitive site. In tissue culture, the interaction must involve the mechanism whereby 2,4-D induces morphogenesis in cultured tissues. The mechanism of interaction between DM and 2,4-D is unknown.
In intact plants the antagonism of DM by auxinic herbicides such as 2,4-D is more apparent than the reciprocal antagonism (14, 22) . Several factors, including reduced absorption and translocation of DM caused by 2,4-D, have been proposed as the cause of antagonism (16, 18, 23) . In tissue culture, long distance transport is not a factor and the response of corn and soybean tissues to DM alone or in combination with 2,4-D was not due to differences in the amount of DM absorbed as influenced by 2,4-D. Except for soybean roots in 1 uM DM alone (Table III) , the absorption and distribution of radioactive DM and its metabolites in tissues and media did not differ greatly in the presence or absence of 2,4-D. The nearly total uptake of DM from the medium ofsoybean roots in 1 gM DM alone and the high relative concentrations of water-soluble compounds and insoluble residue in the medium and root tissues, respectively, are probably due to the normal growth and development of DM-resistant soybean roots. Soybean root growth in 1 uM DM alone was similar to the acetone control (Table I ). The extensive primary and secondary root growth in 1 ,M DM increases root surface area which favors increased DM absorption, metabolism, and excretion of metabolites into the medium as compared to roots in 1 Mm DM and 1 Mm 2,4-D (Fig.1B) .
Metabolism and detoxication of DM have been established as the basis for herbicide selectivity between resistant and susceptible plants (6, 12, 21) . Aryl hydroxylation to ring-OH diclofop and subsequent phenolic glycosyl conjugation is the predominant detoxication mechanism in resistant plants. Conjugation of diclofop to a water-soluble glucose ester conjugate is the major pathway in susceptible plants. This pathway converts active diclofop to a bound form that is potentially phytotoxic to plants (1 1) . A finite concentration of DM or diclofop may be required at the active site to reverse the effects of 2,4-D. In DM-resistant soybean, a high exogeneous concentration of DM must be provided to compensate for the rapid detoxication that occurs in the tissue (Table V) . This probably explains the reversal of1 ,uM 2,4-D activity by 10 gM DM (Fig.1B) . In DM-susceptible corn the reverse appears to be in effect where a higher concentration of 2,4-D is required to overcome the activity of DM (Fig. 2B) .
Corn root tissue contained relatively high concentrations of free DM and diclofop, and potentially phytotoxic diclofop ester conjugate in comparison to soybean (Tables IV, V) . DM may be antagonized or its activity decreased in susceptible plants when its rate of detoxication is increased. In susceptible plants this will require a shift from the major glucose ester conjugation to the aryl hydroxylation and phenolic conjugation pathways. 2,4-D did not appear to cause any dramatic shift in the metabolic pathway in either susceptible corn or resistant soybean (Tables IV, V) . It has been suggested that 2,4-D antagonized DM in DM-susceptible plants by increasing the rate of glucose ester conjugation (22) . However, this reaction does not appear to be a detoxication mechanism (6, 11, 12, 21) , and, therefore, it is probably not a factor in DM-2,4-D antagonism.
The mechanism whereby 2,4-D and other auxinic compounds antagonize the action of DM is unknown. The activation and function of the proton pump, its consequences on ion transport, and the impact on organogenesis and growth of watermelon cotyledons have been implicated in the interaction between BA and fusicoccin (4). IAA and 2,4-D stimulate proton transport whereas DM dissipates the electrochemical proton gradient by increasing the membrane permeability to protons (14, 20, 24) . These processes probably occur independently. It is still unknown whether such an interaction will lead to the growth effects observed in intact plants and tissue culture.
